Abstract-When a superconductor is fed with an alternating current, the temperature rise created by the losses tends to reduce the current carrying capacity. If the amplitude of the current exceeds the value of the critical current, then the losses become particularly high and the thermal heating considerable. In this paper, a numerical and an analytical model which allow to estimate AC transport losses are presented. These models, which use the expression of c ( ) and ( ), are available for any applied current (below and above c ). The results are compared and the validity of the analytical model is considered. Then, the analytical formula allows to easily obtain the thermoelectric balance point of the system, when the losses and the temperature do not vary any more. Moreover, a maximum value of the current transport, beyond which the balance point does not exist, is detected. Indeed, when this maximum value is exceeded, the system is not stable and, say, superconducting current leads may quench.
I. INTRODUCTION

H
IGH temperature superconductors are usually characterized by a power law which does not take into consideration the material temperature. However, when the superconductor is at the dissipative state, the heat generated due to the losses is not negligible any more.
In a superconducting material, the parameters and -exponent depend on the temperature. Taking into account this dependence in the characteristic allows for a realistic simulation of the material behavior.
Our paper deals with the magneto thermal coupling which is shown by the experiment. Influence of the temperature dependence of the material is studied by comparing the AC transport losses with and without taking account the thermal coupling.
After the description of the considered system, the expressions for and are given. Then, numerical and analytical models which allow to estimate the temperature of the superconductor and the AC losses are proposed. In the last part, the results obtained with these models are presented. 
II. STUDIED SAMPLE
The aim of this paper is to calculate the losses in a current lead fed by a sinusoidal current . We have used a current lead made of from Can Superconductors. The thermal and electrical characteristics of this current lead (Fig. 1) are given in Table I . We could not measure the thermal parameters; they are extracted from literature [1] , [2] .
On the basis of Anderson's excitation creep model, the exponent can be identified with , where is the apparent pinning potential [3] , is Boltzmann's constant and is the temperature. Measurements of as a function of has 1051-8223/$20.00 © 2005 IEEE successfully been fitted to linear model in [4] - [6] . The following expressions are used:
where is the liquid nitrogen bath temperature, is the critical current density at and is the -exponent for the case .
III. MODEL DESCRIPTION
A. Numerical Model
The electromagnetic behavior of a superconductor is governed by the Maxwell's equations. The supplement of the relation gives:
We assume that we have in the direction, and in the direction. Then, the problem is one-dimensional:
On the internal and external radius of the tube the flux density is given by the Ampere's law. The boundary conditions are connected to the flux density through . Finally, the electromagnetic boundary conditions are: (5) Let us write down the equation for the heat content of the material:
The heat transfer is considered essentially by convection in the liquid nitrogen. Then, the thermal boundary conditions can be written as: (7) where is the convective heat transfer coefficient. In this liquid, the convective heat transfer coefficient is approximately 400 according to [7] , [8] . In effect, we have to solve the following coupled problem: A finite difference method is used to do it. Because of the electrical time constant, a time step lower than s is required. In order to obtain the magneto-thermal balance point, we have to wait several seconds, what generates a very long computing time.
B. Analytical Model
The value of the thermal conductivity shows an efficient heat conduction through the material. Therefore, we can assume that the temperature rise is uniform. Then, the governing equation of the superconductor's temperature is deduced: (9) with ; is the total heat exchange area between the sample and the liquid nitrogen (Fig. 2) . Equation (9) is discretized to enable the analytical calculation of the temperature: (10) with is the thermal time constant of the system, and is the time step; we used . Recent studies [9] , [10] highlighted an analytical formula making it possible to estimate the losses in self field in HTS current leads. This analytical formula is deduced from a dimensional analysis. The power law used in this formula is close to reality compared to the Bean model so it brings an additional precision to the calculation of the losses. Its validity is conserved when the amplitude of the current through the superconductor is higher than the critical current [10] . The temperature does not occur in the analytical formula, thus and are included to take into account the thermal coupling. For , the expression of the AC losses is:
(11) and for : (12) with is the current lead length, and are the instants between which , and . For the first step, the solutions of the coupled problem are found using the initial conditions. Then, the resolution of the next steps is completed until the steady-state is reached.
IV. RESULTS Fig. 3 shows the temperature inside the superconducting current lead as a function of the radius for a reduced current amplitude . The temperature's distribution is nearly uniform inside the superconductor. Thus, the results by the numerical model show that the diffusion phenomena can be neglected as that has been made in the analytical model.
A comparison between the numerical and analytical model is presented in Fig. 4 . The superconductor's temperature is plotted versus time for both the numerical and analytical models. The results are the same independently of model. However, for these 20 seconds of simulation, the numerical model costed us about 24 hours of computing time, whereas the analytical resolution is practically instantaneous. Henceforth, only results coming from the analytical model are presented. Fig. 5 shows the influence of the thermal coupling on the AC losses. Since the losses become significant Fig. 5 (a) and the influence of the thermal coupling can not be neglected. Evolution of the superconductor's temperature for is shown in Fig. 5(b) . The deviation between the two curves is about 0.4 K in the steady-state. Without thermal coupling the losses are approximately of 11.5 W/m compared to 19.2 W/m with the coupling, that is to say, an increase of 67%.
The losses dissipating in the superconductor may create a temperature rise of a few Kelvins as shown in Fig. 6(a) . When , there is no balance point and the superconductor quenches as in Fig. 6(b) . In fact, the maximum steadystate temperature of the superconductor cannot exceed 78.99 K.
Practically, amplitude of the over current depends on the type of the load which is connected to the current lead. Fig. 7 shows the over current duration as a function of the reduced current amplitude . For this current lead, the over current duration is about 12 seconds for , and the quench appears more quickly for higher current amplitudes.
V. CONCLUSION
Through this article, the importance of the thermal coupling in the calculation of the losses in a HTS current lead was shown. An analytical formula making it possible to calculate these losses was compared with a one-dimensional numerical model. The results of both models show a good agreement with very different computing times. Thus, for the same results, the analytical formulation is of interest.
The material required to carry out precise measurements of losses and temperature taking rather long time to set up, it was not possible to us to validate our model by the experiment. However, the breadboard is actually built and some new results should be published in this way.
